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SULMMARY

Previous tests of the P-63A-1 airnlane showed that
when the center-of-gravity range for desiprable steady-
maneuvering atick- force gradients was increased by
resorting to experimental elevatora of increased aero-
dynamic balance in combination with a bobweight, the
stick forces during rapld control movements became unduly
light and the control-fres longltudinal short-perlod
osclllatiohs became too lightly darmped. In order to
improve these control characterlstics, a control-
feel device was developed which increased the stick force
necesaary to deflect the stick rapldly without affecting
the steady-state stick force characteristics. Briefly,
this device consisted of a viscous demping cylinder amd
a ‘coll spring connected in series between the control
stick and the alrplane structure. Rapld movements of the
stiok by the pilot deflected the spring which developed
resisting forses on the stick that could subside through
action of the damping cylinder 1f the stick was held
steady in any nosition. Therefore in making a rapid
pull-up, for instance, it was expected that the device
would supply a stick force proportional to elevator
deflection in the initial stage of the maneuver and that
this sticlr force would gradually disappear as the stick

" force due to the bobwelpht increased. As a result, the

over-all stick force variation would approximate the
satisfactory type of force varlation obtalned with a
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conventional unbalanced elevator. With controls free,
any rapid osclllatlon of the elevator caused the spring
of the control-feel de¥ice to deflect in such & manner
that the oscillation tended to damp.out.-

Flight tests of the device ilncluded determinatlons
of the characteristics of the airplane in steady turns,
in control-free short-perlod osclllations, In stick=-
release pull-ups, and 1n rapid controlled pull-ups. The
tests covered wide ranges of both center-of-gravity
location and altitude. Brilef tests were also made of a
device which supplied a small amount.of viscous friction
to the elevator control system. Some lmportant results
of the tests were the following. :

The center-of-gravity renge for desirable steady-
maneuvering stick force gradients with the experimental
elevators and bobwelght was 72 percent of the mean aero=-

dyn&mic chord as compared to 3 percent of the mean aero-
dynamic chord with the production elevators. Furthermore,
with the experimental elevators and bobweicht, the center-
of-gravity range could be increased appreclably beyond

T% percent mean serodynamic chord without encountering

steady~-maneuvering stick force gradients deviating greatly
from desirable values (3 to 8 pounds per g) whereas with
the productlon elevators, excesslvely heavy or excessively
light stick force gradients would occur i1f the cénter-of=
gravity range was extended much beyond 3 percent mean
aerodynamic chord., Additlon of the control-feel device

to the elevator control system brought about marked .
improvement in both the control feel and dynamic stability
characterlstics. At some speeds, the control-feel device
increased the stick force necegsary ‘to deflect the stick
rapidly by a fdctor between 2 and 3 and caused an other-
wlse continuous control free short-psriod oscillation to
damp out within 12 cycles. The other device, which

suppllied a small amount of viscous frictlion (0.2 pound
stick force per inch per second veloclity of the stick
grip) had no appreciable effect on the control- freé dynamic
stability.

It was found from the tests that although the
control-feel device provided satlsfactory control charac-
teristics at a given speed it became less effective at
higher speeds. Also, in the form tested, the device did
not eliminate stlick forces caused by the response of the
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bobwelght to changes in normal acceleration in ro alr.
To correct both of these shortcomings 1t 13 suggested
that the coll spring of the ocontrol-feel device be
replaced with a amall dirfoil or flap having prearranged
hinge moment characteristics.

The possible application of the sontrol-feel devige
to an elevator control system with a power booster which
no:mally reduces the pllots effort to zero 1s pointed
ouG, ! .

INTRODUCTION

5

At the request of the Air Materiel Command, Army Air
Forces, an extensive flifht test prosream was undertaken
to develon elevators for the P-63A-1 ailrplane which would
provide deslirable longltudinal handlin; choracteristica
over a center-of-gravlity range of 10 nercént of the mean
aerodynamlc chord for any altitude Letween 5000 and
25,000 feet. The productlon elevators pave desirable
handling charescteristlics for a center-of-gravity range of
3 percent of the mean aerodynamic chord for the specified
altitude range. During previous tesis, a comblnation
of a highly balanced elevator and a bobwelght was developed
which provided desirable steady maneuvering stick force
characteristios over the speclfied center-of-gravity and
altitude ranges. However, the control~feel characteristlces
of thls slsvator were consldered unsatisfactory by the
pilots, mainly because the large serodynamlic balance
necessary made the control oversensitive in rapld
disturbances of the stick, whether these dilsturbances
were i1nadvertent or lntentlional on the part of the pllot.
Also, the use of a hobwelight or a large positive floating
tendency (whioh was necessary to raise the general level of
the steady-maneuvering stick foree gradients) in com-
bination with the large aerodynamlie balance, was found to
cause poor control-~free dynamic stabllity and undesirable
control-feel characteristics when flylng through rough
alr. A discussion of the tyves of control-feel difficulties
encountered may be found in reference 1. Reference 1
suggested the control-feel difficultles assocliated with .
the combinatlion of highly balanced elevators and bobwelght
might be overcome through use of a mechanical device which
would increase the control forces only in ranid stick
movements.
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This report presenta the results of flight tests of
one such mechanical control-feel device. This control~
feel device consisted of a spring and dashpot connected
in serles between the control stick and alrplane structure.
The. device was tested in combination with an experimental
elevator and bobweight which gave unsatlisfactory dynamic
stabllity and control-feel characteristics in previous
tests. Flight tests were made to.determine the effect of
the deviece on the behavior of -the airplane during control-
free short-period oscillations, stlck-release pull-ups,
and rapld controlled pull-ups, T™e tests covered wide
ranges of both center-of-gravity location and altitude.
Brief tests also were made with a second device to
determine the effect of viscous friction on the elevator-
free rharacteristics,

AIRPLAEE, TILVATOR AND CONTROL SYSTLM
¥ODIFICATIONS T4STED

The P-63A-1 alrplens is & coavcoational single-engine
propeller-=dr.ven Tighter-type airplane sgquipped with '
tricycle landing gear. A slde view of -the airplane as
flown in the prcscnt tests 1s reproduced in fi~ure 1, A
threc-view drawing of the test airplane (A&FF ro, 42-688689)
1s shown 1n figure 2. This airplane incorporated the
enlarged horizontal tall shown in fi:rure- 3. "Alirplane
specificasions of genoral intersst. and- Gimonsions pertinent
to a study of the longitudinal handling cheracteristics
areo listod in appendix A, ) :

Fimure % 1ncludcs a cross scction of the cyperiﬂental'
elcvators used in the tests, Thuse clovators were covered
with fabric and had a rib spacing of h& inches. Tho

plan form of the expsrimental vlevators was the same as
the plan form of standard production elevators;- increased
aerodynamic balance'was achleved by thickenlng- the
trailing-ed e scetlon to 1lve an included trulling-edge
angle af 18 Standard production elevators had flat

upper and 1ower surfaces aft of a point nwar the hinge
line &nd had an included trailing-edge anglc of 13°,

Characteristics of the vlevator control system are
1llustrated in fizuros L} and 5. Figure l shows the
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elevator-stick gearing relation. Figure 5 shows the
vériation in stick force with elevator angle due to
addition of the bobweight (dash curve)., The force added
by the bobweight i1s seen to vary with elevator posltion
but over the range of elevator anglea and alrplane
attitudes encountered in these tests the bobweight force
may be taken as approximetely 3.7 pounds pull stlck force
per nornal acceleration. The data of figure 5 also
show ghat atatic friction in the elevator control system
was about ¥l pound. -

A dlegrammatic sketch of the device to lmprove the
elevator control-feel characteristics is shown in figfure 6.
As can be seen from this flgure, the device conslsts of
8 viscous damping cylinder connected to the airplane
structure through a coll spring. When the stilck 1is
deflected rapidly the resistunce to fluld flow through the
piston restricts relative motlon detween the plston and
the cylinder so that the espring is forcibly deflescted &and
1ts resisting force 1s felt on the stick, When the stick
is held steagy for any apprechéble interval, the piston
automatically adjusts 1tself 1n the cylinder to the
position rejuired for no spring tension. Hence the device
acts to increase the stlck force necessary to deflect the
stlck rapidly wilthout altering the steady-state stick
force characterlstlcs. Flgure 7 contains two photographs
of the devlice mounted in the airplans, As slown by
these photographs, provlision wuas made for the pilot to
attach cr detach the device from the control stlck in
flight. Fence the pllot was ubls to make consecutive
test runs with &nd without the dovice sco that data could
be obtained under comparable flirnit conditlons,

The mechanical characteristics of the control-feel
aid are shown in fiprures 8, 9, and 10. Pigure 8 shows
the varliation of stick force with elevator posltion dus
to the spring in the device, when thse viscous damplng
cylinder 1s ilnopsrative (piston locked in cylinder)., The
elevator angle for zero stick force in fisure 8 was chosen
arbltrarily, If some other slevator angle haed been chosen,
the slope of the curve would be slightly different because
of the slight nonlinearity: In the relation between the
stick and elevator travel (refer tofig. lL). ®Flrure 9
shows the callbration of the control-fesl aid in terms of
the rate of subsidence of a rapldly applied stick force.
The measurements were made by abruntly releasing the
cylinder of the control-feel device from & position with
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the spring deflected and the stiek chalned to the airplane
structure. The two curves labelled orifice A and orifice B
refer to two dlfferent orifice arrangemsntas in the piston
of the viscous damplng cylinder. From the deta of

figures 8 and 9 1t has been calculated that if the spring
was replaced by a rigld member stick forces of &about 1.9
and 3.2 pounds per inch per second velocity of the stlck
grip would be required to move the stick at a steady rate
with orifices A and B, respcectively., It should bo noted
here that the guantitative values shown in figure 9 do not
necessarlly apply to the flight data because of temperature
differences. The offsct of termporsture on the viscoslity
of the S.A.E. ¥o. 20 damping oll caussd marked changes in
the rate of subslidence of stlck force contributed by the
mechanical device. iTo records of the temperature of the
damping fluld wero obtalnsd in the flight tests so that a
quantitative study of the flight data regarding the
transient effecct of the control-fesl ald on the stick
forces was impossible., In this conmnection, the free air
tempsrature on the ground varicd between extremes of

50° and 80° F during the flight tests, with by far the
groater number of tests performed when the ground
temperaturs was between 20° F and 70° F., Even in going
from 60° F to 70° P the viscosity of S.A.k. 20 oll
decreases by about one-third., Pilot's oplnlions indicated
the cocltplt temperature did not devliate much from the
ground tcampcrature even for the high-altitude flights.,

In spite of the fact that the data of fijurce 9 apply only
apnroximately to the flight data, tho flsure 1s 1ncluded
to illustrate the charactuvrlstlec shupus of the curves of
stick force subsldence cs a function of time. Flgure 10
presents a time history of an abrupt deflectlon sand
release of the contreol stick ma&de on the ground at zero
airspsed. It 18 sccn thut ths ccaxbinetion of control
system and bobwelght lnertla and the spring of the dvvice
caused an osclllation of the control having a short
period (abvout 0.33 second) and roguiring about 2 cyocles
for complete damping.

For some tests viscous friction was add.d to the
clevator by means of a closcd hydraulic crlinder filled
with fluld and mounted between the air:lane structure and
tho e¢levator push-pull tube (fig. 11). Motion of ths
push-pull tube caused fluld to be pumped Ifrom onc side
of the plston to the otheér through a restrictor valve in
an sxtornal by-pass tub:. The amount of viscous friction
used 1In the flight tests 1s defincd aporoximatsely by the
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data shown in figure 12. Because the viscous frictlon
cylinder was exposed to temperature variations the
amount of viscous frietion 1t contributed was subject to
variation due to changes in viscoslty of the damping
fluid.

INSTRUMENTATION

The following quantities were measured with the aild
of standard NACA recording instruments: airspeed, pressure
altitude, normal acceleration, elevator angle, and stlck
force.

A speclal boom extending 1 ochord length ahead of
the right wing near the wing tip was used for the measure-
ment of alrspeed. The atatic pressure measurements from
the pitot-static head were corrected for error caused by
the local pressure field around the airplane. Alrspeed
1s defined through this report as

= }5.08f VA
whereln
Ve callbrated alrspeed, mlles per hour
fo sea-level standard compressibllity correction
factor
q, difference between total-head pressure and corrected

free-stream statlec pressure, inches of water

This airspesd corresponds to the reading of a standard
Army or NMavy alrspeed indicator without instrument error
which 1s connected to a pltot-static system free from
position error, Under sea-level standard conditions,
calibrated alrspeed 1s also true airspeed.

Elevator angles were measured by two instruments. One
Instrument was connected directly to the elevator; the
other Instrument was connected to the elevator push-pull
tube near the tall. Ground tests indlcated errors
arlsing from control system flexibllity were negligible
for the latter instrument installatlon.
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The elevator stick force was measured by an instrument
which recorded the straln ln the stlick a2t a position nesar
the bottom of the stick. Because of thls arrangement the
recorder responded to stralns caused by 1nertlia of that
portion of the stick above the strain gages. Therefore
1t should be pointed out that in rapid maneuvers
involving abrupt release of the stlck, the force at the
stick ~rip actually reaches zero almost lnstantly even
though the recorder may Indlcate & somewhat slower
attainment of zero stlck force.

EXTTNT AND PURPOSL OF T3iSTS

The fllght tests covered the following types of
maneuvers in the order of subsequent date presentation.

A, Steady left turns.

3., Short-period elevator-free oscillations.
C. Stlck-release pull-ups.

D. Rapid controlled pull-ups.

The last three of the above types of maneuvers were
performed both with and wlthout the control-feel aid.

The foregolng maneuvers were performed &t calibrated
speeds of approximately 200 and 300 mlles per hour. The
steady turns were made at 5000 feet altitude ifor teke-off
center-of-gravity positions of 25.0, 30.1, and 33,2 per-
cent mean serodynamic chord and at 25,000 feet altltude
for take-off center-of-gravity positions of 2%.6 and
3%.2 percent mean aerodyneémic chord. 3BDecause of fuel
consumption, the center of gravity moves forward a maxlimum
of betwesen 2 &nd 3 percent mean aerodynamic chord during
flisht; howaver, the center-of-gravity positions
acccqpanyling 811 data shown in this report :ave bLeen
corrected for the effect of fuel consumption. 1In general,
the short-period osclllations and stick relettse pull-ups
were performed for the foregoing center~of-gravity
positions at 5000 and 20,000 feet altitudes. The rapid
controlled pull-ups were made for the three prsviously
flven center-of-gavlity positions for 5000 feet altitude
but only one set of data was obtained for 20,000 feet




altitude with a take-ofr center-of-gravity position of
33.2 percent mean asrodynamic chord.

The steady turns wére made only in the left directlion
because preliminary tests showed a negligible difference
between the charaeteristics in left and right turms and
the gilot was’able to make left turns with greater
precision then right turms. For the turns at 200 miles
per hour, power for stralght, wings-level flight was
uged; at 300 miles per hour, normal rated power was
ueed and it was necessary to dive the sirplane slightly
to okhtaln the callbrated speed, sspecially for the high-
altitude runs, The purpose in making the gtsedy turn
tests was to determine the sueady-stute-maneuverins
stability and control characteristics. In the :resent
Investigation, the control-free dynamlc stability and
the control-feel charecterietics were measured ir some
configurations for which the steady~maneuvering stability
and control characteristics wure unswtisfectory to the
pilots, It should be remembered, however, that the only
configurations of practlcal importance are those for
whlch the steady-maneuvering cheracteristlcs are desirablo.
The dynamic characteristics are therefore of leses interest
in caszes where the steedy-maneuvering charscteristica
were unratlisfactory.

The short-period osclllation tssts were made according
to the usual procedure which consists of abruptly
deflecting and releasing the stick from trimmed conditions
In atraight flight at the chosen speeds (200 gnd 300 milas
per hour These tests were made to investigate the
control-freo dynamic longltudinal stabllity, A theoretical
inveostigation of dynamic longitudinal stabllity with free

contrels ias givon in reference 2.

The stick~release pull-up was uced in the prceent
tests because this maneuver had been suggestod e a simple
means8 of investigating the control-feel problem, As the
name implles, the stick-relecse pull-up 1s performed by
intentionally trimming the sirplanc tall-heavy in steady
straight flight and then abruptly releasin, the stick.
Providing the short-period oscillation is dumi:ed, the
airplene will eventually reach a steudy pull-up condition
et a normal accelegration determined by the amount of the .
initial out-of-trim stick force and the steady-mansuvering
8tick force gradient. Immcdiately followlng release of
the stick however, both the elevator sngle und the normal
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acceleration - might be expected to overshoot their
respective final steady values. The.dsgree of this over-
shooting would be expected to depend on the aerodyneamic
balance characteristics of the elevator and on various
possible control system modifications just -as the
control-feel characteristics depend to 8 large extent

on these same variables. For exanple, in a case where
the steady-maneuvering sticit force gradient is obtained
primarily from & bobweight or a large positlve floating
tendency of the elevator and the elevator resistance to
deflection 1s low, & large amount of overshooting in
stick release pull-ups might be expected to occur, The
same combination is known to exzhi»it poor control-fesl
characteristics in rapid longitudinal mancuvers or in
gusty air. 1In passing 1t might be well to point out

that the stick-releesse pull-up corresponds to & theoretlcal
maneuver involving the lnstantaneous anplication of a
glven stleck force. .

The rapld controlled pull-up is & tnaneuver in which
the stick 1s moved rearward from trilm rapldly and returned
to trim equally rapidly and held. &t no timo during the
performance of thcse pull-ups 1ls the stick veleased.. Two
typlcal controlled pull-ups are shown 1n firure 13, &t
each speed tested (200 and 300 mph) controlled -pull-ups
were made using various rates cf control motion ranging
from very slow movements of the stick to extremely rapid
movements of the stick., The resulting data -vere analyzed
by plotting the ratlio of maximum stick force divided by
maximum resultant acceleration as & function of the time
requircd to move the sticl: wway. from, and return’' 1t to,
trim., Definitions of the quantltiss used in analyzing
the data are 1lndicated in flpures 13, Thils nnethod of
analyzing the data was used also in reference 3 which
presents & theoretical astudy of the aerodynamic factors
which affect stick forces in rapid null-ups sinmilar to
the -controlled puvll-ups used in these flight tosts.

Controlled pull-ups were made in the prescnt
investisation because 1t was in similsr control motions
that the pllots first reported poor control-feel charac-
terlstles. Such control motiors are normally used to
corrsct small disturbances due to fusty &1ir or to me&ke
a fast entry into a st-.ady ascceslerated turn or pull-up.
According to the pllots, when the stlck ferca required
to deflect the stick rapldly waes.too low, 1t was difficult
to predict the airpnlane response following & rapld move-
ment of the =levetor control. This characteristic caused
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the pilots to feel uneasy ahd uncertaln even when merely
flring the airplane straight and level. The control-feel
ald was expected to remedy the lack of stick foroce 1ln the
early stages of & rapld longitudinal maneuver because 1t
was deslgned to supply an increment of stick force which
ls essentlally in phase with the stick travel for very
rapld stick .motions. ) .

RESULTS AND DISCUSSION

A. Cheracteristics in Steady Turns

The characteristics in steedy left turns .of the
P-63A-1 mirplane incorporating the NACA experimental
elevators with a 3,.,7~pound bobwelght are shown In
figures 1} through 18. Figure 1l shows the variation of
stick force and clsvator angle with normal. acceleréation
at 5000 feet altitude for the various center-of-gravity
poaitions tested. Flgure 15 is & gimllar »lot for :
25,000 feet altitude, In flcure 16, the stick force data
from figures 1l and 15 have been sumirized to show the
variation of steady maneuverins stick forece gradicnt with
center-of-gravity posltion, The stlcl lforce gr&adlents
plotted in fisure 16 were obtained from the increments in
stick force required to po from lg to 3g and Lg at
200 mliles per hour and 300 miles per hour, respectively,
These acceleration ranges were cliosen 1ln order to keep
within fllght condltlions where the clevator hinge moments
were anproxlimately linear (as indicubted by linearity -of
the stick force versus acceleration curves) and to avoid
any extrapolations of the data. Figure 17 shows the
elevator engle data of figures 1 and 15 plotted against
airplane normal force coefficient. Finally, flzure 18
is & summary plot of the deta of flrure 17 showing the
varlation of the change in elevator anglc per unit
alrplane normal force coefflcient with center-of-gravity
locatlion. The slopes of elevator angle vercus normal .
force coefficlent plotted in fizure 18 are based on the
increment -in elevator &angle required to go from 1lg to
3g and Lg at 200 miles per hour and 300 miles per hour, .
respectively, Therefore the stlckefroe-and stick-fixed
maneuver points indicated by fipures 16 and 18, _
respectively, are directly comparable although they are
not, in the usual sense; maneuver polnts for a definite
value of the alrplane normal force coefficlient but rather,

’
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average maneuver points covering most of the range of
airplane normal force coefflclent tested.

" The data of fipgure 16 indicate why 1t wes necessary
to incornorate a hobwelght iin.the control system when the
experimental elevators were used. Because of the design
loading condltions of the eirplane, 1t was desired to
obtaln a stick force gradient of at least 3 pounds per g
at 25,000 feet altitude with the cénter of gravity at
30 percent mean aerodynamic chord., It should be noted
that the stick-fixed maneuvering stablllity was positive
for these altitude and center-of-gravity conditions
(fig. 18). However, because of the small rate of change
of stick force gradient with center-of-gravity position
and because of the loss in maneuvering stability due to
increasing altitude, the center of gravity would have
had to be at least as far forward as 22 percent mean
aerodynamic chord to obtain 3 pounds per g at 25,000 feet
altitude without a bobweight. The uvse of a large center-
of-gravity range shead of 22 percent mean aerodynamic
chord was out of the questlion because the elevator control
avallable for making minimum sveed landings quickly became
inadequate as the center of gravity was moved forward
from 22 percent mean aerodynamic chord. This situation

1s typical for a fighter type alr-lane.

From figure 16 it is seen that the relatively low
rate of change of stick force gradient with center-of-
gravity position afforded by the exwerimental elevators
provided stliek force gradients between 3 and 8 nounds
per g between 5000 and 25,000 feet altitudes for a

center-of-gravlity range of about 7; nercent mean aero-

dynamic chord, It might be noted, furthermore, that this
center-of-gravity range could e lncreasedandreclably

wil thout encountering excessively heavy or excessively
light stick force gradlents. With the production elevators,
the allowable center-of-gravlity range for desiravle stick
force gradlents was 3 nercent of the mean aerodynsmic

chord and any appreclable wldening of thls renge led to
elther excesslively heavy or excessively llight stick force
gradientas. The rate of change of stick force gradient
with center-of-gravity position for the experimental
elevators 1s 0.38 pound per g per percent mean serodynamic
chord. Previous tests showed that & minimum value of this
slope of 1.0 pound per g per percent mean serodynamic chord
was required with the P-=63 airplane in order to have
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satisfactory control=fesl characteristics in the absence
of mechanical control-feel.

The hinge-moment parameters of the experimental
elevators were estimated with the aid of the 5000 feet
altitude date of figures 16 and 18, the dimensions of
eppendix A, and some of the charts of reference li. It
was found that the rate of change of hinge moment .
coefficient with elevator defls ction Qhﬁ was about

«0.0025 per degree. From this value and the difference

between the stick-fixed and stick-free maneuver points
* without bobweight, the rate of change of hinge-moment

coefficient with change in angls of attack Cn, was

estimated to be 0.0003 per degree. Assuming that a
value of Opg of =0,0100 would be obtained for an elevator

without aerodynamic balance, 1t may be concluded that
the experimentesl elevators had three-quarters of the
unbalanced vclue of Gh5 balanced out. The results of

earlier tests indicated no more than one-third of the
unbalanced value of th could be eliriinated wlthout

causing noticeable deterloration of the elevator control-
feel cheracteristics of the P-63 airplane. 4&s noted
above, the experimental elevators had only & very slight
tendency to float against the relative wind when a

change in the angle of attack occurred.

B. Short-Period Osclllation Characteristica

1. Characteristics without bobweifgt.- Figure 19 shows
the short-period osc atlon charecteristlcs of the air-
plane wlthout the bobwelght in the control system for
forward center-of=-gravity positions at low and hi
altitudes. Figure 19(a) includes data obtained with the
control-feel ald attached. Note that 1In figure 19 and sub-
sequent figures the control-feel ald is referred to as
"damper." The steady-maneuvering stick force gradients
were about li and 2 pounds per g, respectively, for the
ROOO and 25,000 feet altltude data shown in flgure 19.

lthough the steady stlck force gradlents were low, 1t 1is
seen that the short<neriod oscillation characterlstles of

the elevator without control system modifications were
satlsfactory since the osclillations of both elevator angle
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and normal acceleration were completely damped within X
cycle followling release of the control. Additlon of the
control-feel 21d_caused the osclillatlon in elevator angle
to persist for lﬁ,cycles at 200 miles per hour. However,

this osclllation had a very short perlod similar to the
period of the elevator osclllation ceaused by the device
with the airplane on the ground (flg..10). Because of the
short period, this elevator oscillation did not cause any
noticeable airplane response. Of noteworthy interest in
figure 19(a) is the very appreciable increase in stlck
force required to deflect the elevator rapldly when the
control-feel device was attached. The stilck force to .
deflect the elevator a given amount was increased by a
factor of between 2 and 3. Thils increase in stick force
reduced the "touchlness" of the control. The pilot was
able to gage more accurately the acceleratlon response
from a rapidly applied stick force because he had a
greater range of stlick force to de&l with in covering the
same range of resultant maximum acceleratlons.

2, Liffect of additlon of booweight.- Ficure 20 shows
the short-perlod osclllation characteristics for forward
center-of-gravity positions at low and high altitudes
with the 3.7-pound bobwclight iIn the elsvator control
system. With this arrangement the steady force gradlents
were satlsfactorily high, rénging from 8 to 6 pounds
per g from 5000 to 25,000 feet altltudes, respectively,
Additlon of the bobweight whlch was locatsd near the
airplane center of gravity greatly reduced the damping;
in fact at high altlitudes for 500 mlles per hour, addition
of the bobweight'caused the occurence of steady undamped
short-perlod oscilllations as 1s shown in figure 20(b).
These trends corroborate the theoretlcal analysls of the
effect of both bobwelght and altitude as set forth in
reference 2, Although no records are presented, the
pllot found that thes undamped oscillatlons also occurred
at low altltudes at spceds above 300 miles per hour. As
the altlitude was decreased the callbrated speed for the
first occurrence of undamped osclllations ‘increased.
Attaching the control-feel device to the stick always
resulted 1n complete da*ging of the short-perlod oscillatians
although approximately lE cycles were required. The

ability of the control~fsel device to lmprove damping of
the short-perlod osclllations 1s probably explained by the
fact that 1t lncreased the self-centering tendency of the
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control syastem insofar as rapid control movements are con-
cerned. Thils change may be likened to an increase in the
negative value of the elevator hinge-moment parameter Gho.

It is lmown from the theory that the parameter Cy, has
a powerful 1influence on the damplng of elevator-
free short-period oaclilletions.(See reference 2

3« Effect of center-of-gravit osition.~ Figure 21
gives thée short-period oscII%aEIon cﬁaracferistics for
extreme rearward positions of the center of gravity at
low and high altlitudes with the 3.7-pound bobweight 1in the
elevator control system. For these runs the steady stick
force gradlents were still acceptably high since they
ranged from &bout 5 to 3 pounds per g in polng from
5000 to 25,000 feet altitudes., Comp&rison between
figure 20 and figure 21 shows that moving the center of
gravity rearward had.a beneflclal effect on damping of the
osclillations since in the most ciritlical conditlon
(300 mph, high altitude, damper off) the osclllation
damped 1n 3 cycles instead of being undamped. This oxperi-
mental result of the effect of center-of-gravity position
conflicts with the theoretical results of reference 2
which indicate rearward movement of the center of gravity
should reduce the damping slightly.

i« Effect of viscous friction.- Figure 22 gives the
short-period osclIllation characteristics for forward
centoer-of-gravity positions with the 5.7=-pound bobwelght
and the viscous frictlon 1ncorporatod in the elevator
control system. For these tusts thi. stcady stick-force
gradients ranged from &bout 8 to 6 pounds per g. Con-
sldering ths differcnces In magnltude of the initlal
disturbances used in the runs of figures 20 and 22, it
may be concludod that the addition of wviscous frictilon in
the small amount tested dld not appreclably effect the
short-perliod osclilllation characteristics either with or
without the control-fecl device attached. In flight
conditions where differences were apparent, the conflgu=
ration wlth viscous friction possessed a lesser degree of
danping. Reference 2 polnts out that even for forward
center-of-gravity positions there may exlst & limited
range of hinge-moment combinationa for which ths addition of a
small amount of viscous friction 1s detrimental to damping
In these cases, the use of a large amount of viscous
friction probably would be beneficlsal. ihether or not the
use of a large amount of viscous friction would be
practical, however, 1s not known. It seemed probable from
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the present tests that if viscous friction had been used
in an amount large enough to improve the dynamic stabllity,
the pllots would object to the large resistance to stick
motlion during such maneuvers as the landing flare.

C. Stick-Release Pull-Up Charecteristics

1. Chargacteristics w1ﬁhout'b6bwei§gt.- Figure 23 shows
the stick-release pull-up characteristlics for forward
center-of-gruvity positions with and sithout the control-
feel ald at low altltudes. For these_tests, the steady-

turn stick force gradient was about h%,pounds per g

which 1s acceptably high. At higher altltudes or for more
rearward center-of-gravity locations, however, thils
confiruration would provide unsatlsfactorlly low stick
force gradients. Flgure 23 shows that very little or no
overshootling in elevator traveol or acceleration response
occurred following release of the stick. The absence of
overshooting 1s explained by the facts that, without
bobweight, the steady meneuvering sticl force gradlent
resulted almost entirely from the small variatlon of
elevator hinge moment with elevator deflectior and the
stlck-flxed stabllity was great., In spite of the _cod
characteristics shown in the stick rels&ase null-ups the
pllot noted poor control-feel characteristics due to the
small self-centering tendency of the control wlthout the
control-feel device attached. Thsrefore 1t may be con-
cluded that the degree of overshooting in stick-release
pull-ups is not always & relisable indicatlion of the
control-fecvl characteristles,

2. Effoct of addition of bobweirht.- Fl:ure 2h glves
the stick-reletse pull-up characteristics at forward
center-of-gravity positions and low altitudes after the
3. 7=pound bobwelght had been installed. DBacauss of the
bobwelight, the steady stick force adient was ralsed to
the desirably high value of about pounds per g for
thase tests. A comparison betwsen figure 25 and fiyure 2l
shows the ofiecct of the bobweight was to increoase apprecl=
ably the overshooting of both clevator angle and normal
acceleration. Thils overshooting 1s a direct consequence
of the response of the bobwelght as affeccted by the lag
between changes 1n elevator position and resulting changes
In normal acceleration. In the steady pull-up state with
free controls, the elevator position 1s deterwmined by
both the bobweight and the elevator hinge-momont parameters
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whereas 1n the Instant followlng stlclk release, the
elevator position tends to be determined solely by the
elevator hinge-moment parameters since the normal :
acceleration does not change eppreclably -and consequently
the effect of the bobweight is not felt. Figure 2. shows
that the control-feel device, by slowly dissipatin .the
stored-up energy in the out-of-trim control. system,
succesded in eliminating the overshooting in acceleration
response which was ocaused primarily by the bobweight. 4t
high altitudes, addition of the 3.7-pound bobwelght caused
the occurrence of an undamped short-period oscillation
during pull-ups following release of the stick at speeds
of 300 miles per hour or more, ' This typlcel characterlistic
1s shown in ‘a later firure (fig. 26). %hen the control-
feel ald was used in conjunctlon.with the bobwelght
however, the undamped oscillutlon noe-lonrer occurred and
the airnlane appeared to perform.8 smoother transltion
from the initial to the .finel acc-leration than it did
without any contrnl system modifications.

3. Effect of center-of-pruavity position.- Fuijure 25
presents the stlcikz-release pull-up chnarscteristics for
rearwvard center~of-gravity vosltions at low &ltltudos
with the bobweight Installed. EBecauss of the bobwzi;nt,
the steady stick force gradient was nearly 6 pounds per g
for these tests even though the certer of gravity was-at
e far rearward position. A compariscn bhetween firures
and 25 indicates that, a3 was the case in the usual short-
perlod oscillation testa, the oscillations of both
elevator anglec and acceleration wesre wmore highly damped
at the rearward than at the forward center-of-gravity
positions tested. It wmay b6 notcd from the 300 mlles por
hour data of figure 25 that addition of the control-feel
ald at the rearward center-of-gravity positlion reduced the
totel change 1n elevator angle and, consequently, the
rate of growth of normel accelsratlon following release
of the stick. However, it 1s alsc epparent that the
control-feel ald did not noticeaebly reduce ths amount of
overshooting In acceleration at this oxtreme rearward
center-of-gravity position.

. Effect of viscous fricticn.- Figure 26 shows the
stick-relcase pull-up cheracteristics for a forward center-
of.gravity position at high altltudes et 300 miles per
hour with viscous friction and the bobw:ight in the
elevator control system. Although comparable data are not
shown for the characteristlcs without viscous friction,
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there was no noticeable difference: from the characteristics
shown by figure 26; -the undamped short-period oscillatlion
occurred elther with or without the viacous friction
cylinder installed, - Furthermore, in elther .casze, attach-
‘ment of the control-feel ald resulted in almost instan-
taneous damping of the oacillation as 1s shown in

flgure 26. :

D. Characteristics in Rapid Controlled Pull-Ups

l, Chargeteristics without bobweié%t.- Figure 27
shows res s from rap controlled p ~ups (similar to
those shown in fig, 13) made with the experimental
elevators at 5000 fieet altitude for forward center-of-
gravity poeitions. A curve from reference 1, deplcting
resulta from an ailrplaene which had satlsfactory control-
feel characteristics, is 1ncluded on figure 27 and sub-
sequant flgures for comparative purposes, The "satisfactory"
airplane has a larger chord elevator thet has little
aerodynamic balance, A8 was pointed cut prsviously, such
an elevator czannot provide deslirable steady stick force
gradlents over a large center-of-gravity range. It
may be seen from the data for the P-€3 in figure 27
that in all conditions tested, the reatlo of maximum
stick force divided by maximum acceleration alvays
increased as the rate of stick movement was lncrcased.
This trend 1s to be expectod in a condition whare thc
steady stick force grudlent i1s obtnined almost entirely
from the hinge moment due to elevator deflection
because, &t the maneuver is made more rapldly, a greater
chan§e In elevator angle is necesesary to rroduce thc same
accolecratlion rouponse. It may also be sean from
figure 27 thet atlaciiing the control-fecl ald approximately
doubled the stick torce necessary to produce an acceler-
ation change rar diy. Pllots ncted a corrasponding
marksd imrovenzsut izl the ceacrol-foel characteristics,
Even thougi Uaa two curves for the satlsfactory alrplane
and the P~53 with tivd control-feel ald st 200 miles per
hour are nearly idsantlcal for rapid stick deflectlons,
the pllct notel that the P-63 had a smaller self-
centering tendency ui' the control stick, This apparent
contradiction is ezplalned by the different stick-fixed
gtabllity of the two alrplanes. For the data shcwn in
figure 27, the satlsfactory airplune wae testcd with the
center of gravity about 2 rercent ahead of the stick-
fixed mancuver point whereas for the P-63, the center
of gravity was about 11 perccnt ahcud of tne stick-fixed
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maneuver point., This difference made 1t necessary to use
consliderably more stick travel to produce the same maxlimum
acceleration iri the P-63; and since a&bout the -same -stick
forces were required to produce ‘& gliven maximum acceler-
ation in the two airplanes, 1t 1s obvious that the stick
force per unit stick travel was lower for the P-63 than
for the satisfactory airplane. As will be shown later,
when the stick-~fixed stabllity of the two airplanes was
comparable, the P-63 with control-feel ajd exhibited
smaller transient stick force gradlents AF) than did
the satlisfactory airplane. Y3

2, Effect of addition of bobweiﬁgt.- Data obtained
in raonid controlled pull-upa aiter @ bobweight was
installed are shown in figure 28, Here it may be seen:
that the stick-force gradlent d4id not always lncrease
with increasing rapidity of the control motion, especilally
for the case wlthout the control-feel.aild attached. At
300 mlles per hour, except for extremely rapld pull-ups
(where inertia of the control system had a lsrge effect
on the maximum stick forée reached) or in very slow
pull-ups (approximating the stwady maneuvering condition),
the stick force gradlent was loss in the controlled
pull-ups than it was in steady turns., Thils trond 1s
explalined by the lag between the increment in stick
force due to elevator deflectlon and the lncrement in
atick force contributcd by the bobweight, These two
stick force increments are 1n phase, respectively, with
the czlevator deflectlon and the normal &acceleration. In
the steady-maneuverilng condition the two stlck force
inercmonts occur slimultaneously so that thelr e¢ffects are
additive but 1In rapld pull-ups the stick force due to
elevator deflection leads the stick force due. to bobwelght
because of the lag in acceleration response following an
abrupt clevator deflection. (See fig. 13.) Because the
maximum change In anglc of attack or normal acceleration
lags the maxirum changs 1ln c¢levator angle in & rapld
pull-up the total stick force may be less than the sum
of the maxiimm stick foree increments dus to change 1n
elevator &angle and change in normal &acceleration. There~
fore 1t 1s possible to have lower stlck force gradlents
in rapid pull-ups than in steady mansuvers if a large
portion of the steady stick force gradient 1s obtained
from & bobweight., Also in this comnection, a large
positlive floating tendency of the elevator would have
essentially the same cffect as the bobwsipght on the stick
force characteristics in rapid pull-ups, (S.ee roference 3,)
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It 1s generally conceded that arrangements which show
smaller stick force gradients in rapld than in steady
maneuvers are undesirable. Flgure 27 indlcates the
control-feel aid gave a substantlal improvement at

200 mlles per hour on the undesirable characteristic
introduced by the bobweight but the beneficlal effect was
small at 300 miles per hour. The beneficlal effect of
the control-feel device at 300 mlles per hour could be
Increased by using a stronger spring and by further
reatricting the orifice in the viscous damplng cyllnder.
If such a change were made, however, the device would
probably cause too heavy stick forces at lower speeds
unless provislon was made for & variation with speed of
the characteristics of the device. Such an arrangement
18 dlascussed in a subsequent section of this report.

3. Effect of center-of-gravity position.- Figure 29
shows the characterlstlcs obtalned 1n rapld pull-ups
after the conter of gravity wes moved rearward about
9 percent mean aerodynamic chord. The effect of the center-
of-gravity shlift was to lower the stick force gradlents
for all rates of stick motion. Such & trend 1s to be
exnocted because theory shows that to produce the same
méximum acceleratlon response, the necessary magnitude
of elevator motion of & glven duration decreases as the
center of gréavity is moved rearward (reference 5),
Incidentally, as’'regards a comparison between the P-63
and the satlsfactory alrplene, the data of figure 29
are for condltions 1n which the two airnlsnes possessed
comparéable stick-fixed stabllity.

lj. Effect of altitude.- Figure 30 prescnts data from
rapld controlled pull-ups similar to the data of figure 29
except that the altlitude was Increased from 5000 to
22,000 feet. The effect of altitude was to lower further
the stick-force gradients for all rates of stick motion.
This effect 1s the same as that which would be expected
from a further rearward center-of-gravity movement at the
low altltude. Hence 1t appears the effect of sltitude
on elther rapld or steady-state-.meneuver characterlstics
was simllar because for elther rapld pull-ups or stéady
turns, an increase in &altitude caused & decrease in stick-
force gradlent.
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EVALUATION AND POSSIBLE FURTHER APPLICATIONS
OF CONTROL-FEEL DEVICE - -

Both on the basis of the results deseribed, in the
preceding section and on the basis of pilots' opinions
it was concluded that the control-feel device tested
had a decidedly beneficial effect on the dgnamic stability
and control-feel characteristics of the P=- -1 airplane
with the experimental elevators and bobweight tested.
The characteristicas of the airplane in rapid maneuvers,
which were definitely unsatisfactory without the control-
feel ald, were satisfactory with the control-feel aid .
installed at speeds up to 200 milses per. hour with the -
exception that stick forces due to the response of the
bobweight to rapld changes in normal acceleration in
gusty alr were not eliminated.  With increasing spoed
the gradually decreasing effectiveness of the device
was notlceably apparent so that at 300 mliles per hour
the characteristics with the control-feel aid installed
were not entirely acceptable. Some means of changing
the characteristies of the device with changing alirspeed
therefore appears desiratle,

It is to be noted that the device as tested added
a glven stick force increment for & given lnstantansous
deflection of the control sticke. In the case of an
elevator that possesses inherently satisfactory control=-
feel characteristics, the stick force for & given
Instantaneous stick deflection (neglecting control
system lnertia) varies sssentially as the square bf the
airspeed., Hence, in the form tested, 1t was possible
for the control-feel device to be adjusted to gilve
excellent control-feel characteristlcs at only one speed;
at lower spesds the control-force increment from the
device was too great and at higher speceds the control
force increment was too small. In order to have the
force increment from the device vary as the square of
the speed it would be necessary to incorporate means for
changing, as a function of speed, the stick-contering
tendency provided by the spring. Thils characteristic
might be obtained either by use of a sultable mechanlcal
device or by the use of a vane mounted ln the air stream
to provide the necessary stick-centering tendency. With
the vene system 1t might also be possible to obtailn
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ferodynamic ferces due to angle of atfaek change that
would offset the ebjesckionadble stick Torees arising from
the reaponse of a bobweight te the rapié ehangea in
normal aceeleration’which oreur in gusiy air,

st 18 peinted euf; that a contrp.l:'gn.l-.d"iw .
incoporating the imppovements. suggesied sight haWs an
importaent application to a powerebeost.gontrol in which''
-a)l . forces .from the, elevator are overseme by the beoster
syatom.: . In this agse .the proper contydl feal would be- -
supplied .entirely by a gontrol-feel aid efid & bebweiglit.-
sq that .an.{rreversible. eontrol could be hsed te aetuate
-the elevator.... This arrangevent might bw: -desirabls for -
very large -airplaries or for airplanes subfect té large -
oompressibility trim and stabllity changes becawse 1 '
would eliminate .the need for obtalming close, uriform
sorodynamic balancé qn the elavator pontrol syrface.’

3

. GOrCLUSIONS

From an investigation of the longitudinal handling-
characteristics of the P-63A«l alrplane with highly '
balanced experimental elevators, ‘a bobweight; and &
control-feel .ald conslisting of a spring and & viscous
damping cylinder connected in serles betwsen the stick
and the airplane structure, the following coriclusions
were 1lndicateds. oo -

1., The experimental elevators &nd the bobweight
provided steady-maneuvering stick- force gradlents between
3 and 8 pounds per g at any altitude between 5000
and 25,000 feet over a center-of-gravity range of 7% per=

cent mean aerodynamic chord as compared to a center-of=
gravity range of 3 percent mean aerodynamic chord pro-
vided by standard production elsvators, Furthermore the
allowable center-of-gravity range for the experimental
elevator confliguration could be increased appreciladbly
wlthout encountering excesslvely heavy or excessively
light stick-force gredients whereas such was not the case
for the standard production elevators. However, the
control-feel characteristics in rapid maneuvers and the
control-free dynamlc longitudinal stability of the air-
plane with the experimental elevators and bobwelght were
unsatisfactory.
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2. The control-feel a2id effected marked improvement
in both the control-feel characteristics and the control-
free dynamic longitudinal stabllity 'of the airplane with
the experimental elevators and bobweight. Addition of
the control-feel aid increasedq the stick force in & rapid
pull-up by a factor of between 2 and 3 1In some flight
conditions and, with controls free, caused an otherwlse
undamped short-period oscillation to dam g out completely
in about 1% cyclea., The control-feel aid also reduced

overshooting and the rate of. growth of normel acceleration
following release of the controls with the airplane trimmed
tall heavy; these effects were consldered to be deslrable
by the pllot. As a result of the fact that no provisions
were Incorporated by which the characterlstics of the
control-feel device were changed with varylng alrspeed,
however, 1t was found that the effectiveness of the device
became inadequate as the airspeed wasa lncreased from

200 to 300 miles per hour.

2. Further development work 1s required in order to
meke the control-feel aid equally effective at all flight
speods and in order to make 1t capable of reducing or
virtually eliminating undesirable stick forces arislng
from the response of & bobwelght to the rapid changes in
normal acceleration which occur in flight through gusty
alr,

lis« T™he addition of viscous friction to the clevator
control system in an amount which caused about 0.2 nound
stick force per inch per second vulocity of the stick
grip had a negligible effect on the control-free dynamilc
stabllity characteristics.

Langley Memorilal Aeronautical Laboratory :
Natlonal Advisory Committee for Aeronautlcs
Langley Fleld, Va,
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APPENDIX A
GEVWERAIL SPECIFICATIONS AND DIMENSIONS OF AIRPLANE

Neme and type « « « « » « « o » o B0ll P-63A-1 fighter

Engine ® o o e ¢ e o e o o o o 0 » Allison V-1710-93
Ratings ' -

Take-off « « « « s » 1325 hp at 3000 rpm, S4 in,.

Hg at sea level

Normal rated . . . . 1050 hp at 2600 rpm, }}3 in.

: Hg at 10,000 ft

Military rated . . . 1180 hp at 3000 rpm,. 52 in.

Hg at 21,500 ft

SupeI'Charser ge&r Tr8tI0 ¢ ¢ o ¢ o o o o o ® 6 5 el

Propeller (specilal aeroproducts type)
Dlameter o @ o o o ® 8 & o 8 ®» e @ 11 ft 1 in.
Number of blades « e . s » s o & s 5 o s o .
Engine—propeller gear ratio ® o o » o o 8 @ 2.23:1

Fuel Capacity (without belly tank), gal + « « . . 136
Welght empty, 1D ¢ ¢ o o o ¢ o o ¢ 5 ¢ & o o & 5910
Normal gross welght, 1D o« « o « s o o o o o« « & 7650
Wing loading (normal gross wt), 1b/sq ft . . . 30.85
Power loading (normal gross wt, 1050 hp), lo/hp 7.29
Oover-all height (taxiing position) . . . 11 ft L ins
Over-all 1ength « o s o« s o s o ¢ s o « 32 £t 83 in,

Wing:
Span, ft . . Z}
Area (1nc11ding section through fuselage) sz ft 2
Airfoil Section, YOOt o o o ¢ ¢ o T'IACA D 2X - 11 .
Airfoil section, tip .« » o s:.s s » NACA 66 2x-216
Mean aerodynamic chord, in. « « . .« o 82.54
ILeading edge M.A.C., in. aft L.i. root chord 6,11
Aspect ratio ® & ® o @ ® ® 8 8 8 © & s o @ 5 92 1
Taper ratio ° . [ . . . . ] . .
Dihedral (35 percent chord upper surface) deg 3. 67
Root 1ncidence, deg s & & ® » 5 8 9 s o s e o 1,
Tip 1"lcidence’ des e o ® o [ [} e & [} [] [ ] "O. 5
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Horlzontal tails
Span,in. ® o ¢ 9 o o e o .
"o Total B.I‘Ba Bq ft ~—e"" 0" o e~ @ .
Stabilizer area, sq ft o o .
Total elevator &rea, sq ft , . .
Elevator area aft of hinge center 11
1n01uding tab' s8q Ft o o ¢ o &
Elevator area forward of hinge center -
line, sq ft * o 5 8 e 5 e s
Elevator trim teb area, 8q ft 4+ « . o .
Elevator root-mean-square chord aft of
hinge center line, in. . . . .
Distance elevator hinge center line to
L.L-.OfMAC.,in. ® o o o
Elevator travel from stabilizer, deg down
Elevator travel from stabilizer, deg up-.

5..;.

Stabllizer incldence from thrust axis, deg up
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Figure 1l.- Side view of Bell P-63A-1 airplane (AAF No.
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Figure 2.- Three-view drawing of the P-63A-1 airplane. <
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Figure Se= Variation of stick force with elevator angle for P=63A-1 airplane
incorporating bobweighte Thrust axis 8,2 degrees up from horizontal,
Stebilizer incidence #%1,1 degrees, Service stick force is measured stick
force corrected to apply to stick length used in service airplanes,
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NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

Push

2 &+ o0 4 8 Iz
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Figure 8.~ Characteristics of spring used in demping devices. Measurements made
with piston locked in cylindere Arrows along curve show direction measurements
were taken, Note discontinuity in curve around zero stick force ceaused by sum
of static frictiors of control system and that between cylinder and tube of
control=feel device.
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Figure 11l.- Photograph of viscous friction cylinder
installed in rear of fuselage of P-63A-1 airplane.
Elevator control push-pull tube hidden by the
lower portions of bulkheads.
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Figure 13.~ Typical exemples of rapid controlled pull=ups showing quantities
used in analysing data.
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Figure l4.~ Steady~turn cheracteristics at 5,000 feet pressure altitude with 3.7
pound bobweight. Power for level flight at 200 mph; normal rated power at
300 mphe
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Figure 16.= Steady turn characteristics at 25,000 feet pressure altitude with 3.7
pound bobweight., Power for level flight at 200 mph; normal rated power at

300 mph.



Full

Service stick force, |b
Pull

MR No. L6EZ20

=y
g cg at 32.6 7 MAC. 4
W= 7750 Ib
Ve =202 mph
10 - 0]
/Q’/0 % i~ Lo
Q; G—0—0]
. Ho+
S _
<
Q
4~
N
20 9 O
Ly
cg at 32.5 /s MALC.
Ve =305 mph N
> §
O— g
0 < 4 0 2 4

Normal acceleration, g

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

(b} _Rearward c.g. positions. -

Figure 15+~ Concludede.



L6E20

MR No.

sydu Q00¢ 38 JUSWSJIOUT

WoTyBI8TE008 I¢ U0 pus ydw QOz 3B 3USWLIOUT UOT3BIeTe00B Iz WO pPeseq SIUSTPBIZ 8010J HOT3S
swoTqT sod £31a813 Jo 193Uec JO SUOTFOUNT S8 SJISANSUSW UT SIUSTPRIS 5040F AOT3S =°9T1 ean3tg

SIOILLNAYNOYIV 404 IILLIKKOD
AYOSIAQV TVNOILVN

yW 4uss4ad ‘uoisod Apiapab jo uspua)

25 Bt + ov ¢ 2€ 2P 2 02
000G Luiod J2ANSUDW 334f-HI1LS N g
T~ ~
N R A R T TN T -
) ] e T
// // [ Si \T
abunu sgoaisaq— /mVAﬂ - o
1ybramgog — 177 [
R e S O A e U i
] ] ;
1F000G BUON  YdWl0oE-(00I—— ———
e B 4al goe v ¢l
400052 b/q Le ydw 002 ©
T 7] . u 1" P\QE Ogm a
140005 B/g L€ ydwi 092 o
spnLif|o  Jybismgog p3adsuio
sunssaud P304q1 03
2 otuixouddy apowixouddy

6/q) {qusipoub 25404 214C



MR No. L6E20

o T
12 Ve = 200.mph
c.g position, 7 MAC. 1
o 24.0 7
8 = 29.65 5000 ft A
© 32.9 17
o 8 32.0 R5000ft 2
N 154 Zzzi-eb " "
E‘ 4 /ﬂ & (/’E
/
= _a o
S — | |
5 0 = — |
o A—T]
é; §§ M ——A
“R4q
Y
)
S Ve =300 mph ;
cg posilion, 7 MAC.
<S8 MRS
"é 5000 7"7‘{0 £9.05
% & 32.8
i _A 25,000t 5 32.5
4 ’/,)V n v v o235
s 4/6
AT
0 %/m’
g o M N N
B NATIONAL ADVISORY
34 -A—ﬂ\ ‘ COMMITTEE FOR AERONAUTICS
o 2 4 6 B 10

Airplane normal force coefficient, Cy

Figure 17.- Elevator angle required in maneuvers as a function of airplane normal
force coefficiente



L6E20

MR No.

) syduw. 0OQ 4% UOT4BJISTE00B THILIOU
ur qusuweJdouT J¢ pus ydu Q07 3© UOTJEISTO00W TBWIOU UT gusmesout 3z og .Jutpucd
N7
~g64100 soFuex Ny xero peanswsu eaom .o.wq soedoTs ayJ °uoritsod £31aBaF Jo J93USD

JO uoTqoUNy B S8 SuJdng 3Jo ApBegs UL §0T3STJ040848y0 £4TT1q83S POXTS NOT3§ =°*8T eJndtd

DWW 4usuad ‘uorpisod Ariapub jo usjus)
ot 9¢ Je g I 02

.VI

mu__:.sa._? %04 wut_x:_ou v
AUOSIAQGY TYNOILYN /V
| ﬂ ] ,/
mnoﬁ 410 {4 000G 1P N\ 0
uioa Jdsrnaunud IAXIL-X2I &
4 paxiys s /m_ J/

V9l N

NN
o Gdur oog | — R ¢
44 000'G2 ydw 002 o AN
.o ydw poe uw N ¥
4 000G ydw ooz o N
SpPNJIL|D p33dsuio Jm/
sunssaud p3404q1j09 \

s owixoaddy aioLuixodddly

9]

bap ¢ nyv /o2



L6E20

MR No.

‘V 901F1I0 .U3TA 907A3p 193J-T0IjU0D

SOLLNYNONIY 301 JILLINKOD

AYOSIAGY TYNOILYN

4 / a

1400Ls=%
DWW AP $S 40 60
o _\wnv\m_\\&b_ ¢ «\&\Q\Q_Q%

o

o/

o

oz

*83pn3T3 TR M0 (®)

z / Y,
Y,
N\
//

N/ -4

\/ 0

o/

W

o/
0Z

Y4 0064 =y
DYWL IS EE 4O 60
A _\»Om_k\&o_ ¢ Qo_\nQQth,

DYWL O S p0 60

SOLoDDS ‘DdLty

4 /

-]

14 0009 =

177 _\NOT\Q\& C\Q._\&\QQN

*3y71aMqoq 3NOY3Ta BOT38TI9308IBYD UOTHBTITO80 potxad-3Ioys -*6T aIm3ig

o

Q

N

&
Cor o2/ 200

QS

o/

" A\
Sa0
Pyl sOON24T

d,

oz

140066 =Yy

DWW REF #E 40 B0
O 120UDP | G oz

% )
\

N

8

o N
>3

3

3

A

N

oz W
LI




L6E20

MR No.

SOILAVNONIY 804 JILLINKOD
AUOSIAQY TYNOILYN

“PBpNIOUC) =41 91ndrd
*sspngTile Y3t (q)

55¢< ‘audl
/ O
=y P4 o 19 P | OO
\\l — U N el R
NI D

1/\ .N M
ol ol
N 0 A 0
ol A ol
T ’
/ 0!

44 00191 = Y 1400602 =9y
OV 9 063 40 60 2 YW L0GI A0 6D 02

440 45dump, 4l ooe 440 _4pdupp [ yduw goz

It}
bap ‘z1bup uoj0r37

d

110d

b ‘uoiypus a9y

ql ‘82404 HOI1[S NIBT



1

L6E20

MR No.

*¥Y 20TJ(I0 Y3Is 90143p [3aF
~Tox3uc) °Wa3sh8 ToIjuod uf 3udtomqoq punod /*¢ UITA SOTIFTIALORILYD UOTIBTLTOB0 potaad-3Ious -*0g san3ty

*Inoy I3d saTiw QOf 3B 8sUNX U} I1e ySnoI palou 30TId °*apnillTe #0171 (®)

SHLNYNONIY 304 JILLINWOD

AUOSIAGY TYNOLLYN spodas ‘2L
£ z / 0 £ z / o ¢ z / 0 ¢ z / 0

g g o o 3
. 2 W )I\J/\\/,\\. NN — a— R m
\ I/ \ ~ / o
z z 4 AN
\ N
Q
3
o o o W_ o N
. ®
- <
| N
L — : N
A 0 = 0 0 \ \ o
< N\ : / / Qg
N
U \J *

o o or y %

<

\ V/ \ g

| | Y

Q

o o o @

i \ < SRS

V N

440012 =% or 1 0obG =4y 7 4y 00v0 T i 4 000G =% @ 3

oMW % 92p2 b B0 DEWLLEPS f0 6O \OYWLIL PZ 40 69 OV % Le#2 P E0 IR
o +190rop fydespog ] /0 vaawrop ‘yatugpe | wo sadurop fydarppg T 0 Sodop ! A\Q\R\QQNL nH,

L LT Lt v e




L6E20

MR No.

*Pepniouod --Qz sIndid

‘epnitite uStH (q)

SIILNYNOUIV 404 JILLINWOT
AUOSIAQY TYNOILVN
spwoo2s ‘2wl

4 / Qb 14 £ 4 / QQ £ ’4 / Qb £ 4 / 14
EENEVA A /\ L .
RENYARVARVINNAVINNAGS L
Aposic T\ )
|
o/ [7/4 or
- e P \V \ / 0 0 s
el [ VT [V i Vi
174 o/ 74
7, 0 0
[ ) \/
\ 74 174 / ~ o’/
44 0002 =y 44 00102 =% ##008'02 = T, 4 00902 =4y
IWLO6C2 fp b0 DWW % 96T 4P 6D W% 9sc2 /0 V 60 DWW %LE#E 42 60
_QQ \w_\“sﬂh .«_\G\Q_Qﬁm, 74 ﬂ\\ﬁ _\NO\MN\DJ «\Q_\R\Q_Qm) 0Z feo ﬁwb«ﬂx&LQ! N\M\SQ_QN /4 .‘ﬂ.\G _\uoxﬂ\m\n_ N\n\u«\QQN..A

AN

N
ColpOs3/200 Y

R

Q
Sap0
‘ybuo SosOA3LT

N
dn

Q

R
/4
D404 WIS 29/A4BD

N jet
?




L6E20

MR No.

"d 301JTI0 YITM 30TABDP TesI~T0I3ucD

*suojs1sod Ag1aead-jyo

-I33Us0 DPIBAIRII 3walixs IoJ judiomqoq punod /[ ¢ ysts S0T381I890BIRYD UOTIBITTOS0 pofIad-3I0ys -°12 sIn3dtg

SHINVNOUIY 304 IILLINWOD
AYOSIAQY TYNOILYN

‘Sapn3tite aoq (e)

SO o225 ‘2err/

£ z / 0 / o ¢ z / 0 £ 4 / m..

0 0 0 o »

N\ 3

AN N7 ~ S S
N \ 4 /.\ 5@
N

N

74 174 174 o/ W

\ = :
/] \ =il R

0 0 0 Q,w Y

v W
I 3

o or o o

3
$

b

iy | ) TS
| | | N

A o/ o/ or or X
44004t =9y 34 00L% =4y 400L% =9y / \ 4 0064 = 2 LY

DIV L OL 6 A2 62 OV OL 2840 62| DWW L0, 0 1060V DR L 0L 2E 40 6D N
GO 42ULOA t yeigas | Hg 12TUP CGoigoe | Lo aTuap C yatioz #fo yrawop fydus pgz | Se




L6E20

MR No.

"PanuUIIue) -° 12 aIndry

ydu poz = %4

SHLNYNONIY ¥04 TILLINNOD
AUOSIAQY TYNOLLYN

7 £ bl /7 o

]

|
i
I

\4

4400992 =4y

vo) o 2 A A A
wo S op Il 0o

Spodds ‘2l

a

74

o/

4

74

‘apnitaTe ydig

)]
N
~
Q

|

U

44 000 €2 Lc

Wy o4 66/ fo 6D
0 22%erap g Toor

Q

Ny
6
OISO SD/BOONY

Q Q Q N
an 62,0
26D SOLOND) T

R

N

ind s
"20/04 WOLS DI/ALAS



‘PIpNIouOy ~*Tz 3indtg

‘ydm 0pf = 9y ‘spnatate uyStH  (9)

L6E20

MR No.

SNLNVNOUIY 804 F1LLINNOD
AUOSIAQY TYNOLLYN

£ 4 / o

AN

TN

-

/

14 00L'72 =9y

O¥IV Y 6676 AP ©0
“_13TAOP v 008,

SPLros28 ‘dessy

7

o/

o/

74

W

14 00k 22=4y

DYWL B6/E Lo £

\.\Q_ \N_B\hh\_m\.v I ‘ m\;nW\hm\_QQmﬂ

Q

N
7
OO 42/2 00

Q Q Q N
dn b2,
‘2/60/0 SOLONDST

4

R
"
‘PD./0L WOHS PIINSIS



L6E20

MR No,

*d 90TJTI0 U3ITH 30TA9D [8dF~TOIjuUop
U} UOT301II STMOISTA puB 3y31auqoq punad /¢ YT SO}3STIAL0BIBYD UOLLETTI080 poflad-jIoug -"ge2 8Indtd

*ydw 0oz = 24
SHLNYNOUIY 404 JILLINHOD
AYOSIAQY TYNOILYN
z £ rd / C
g [
\\ &
w\
o
I\/
—M\ 1774
1 o
#ﬁ /4
5
7%4
y 23
44 00t =Y
TOBW Y EF E2 & D
o 4adkupp ‘ yalu ooz
ot
-

‘sapnyTgTe Mol (¥)
oL o35 BLery

*8uo13tsod £41ARI3 JO I93U30 DIEMIOJ I0J WA3BAS TOIJUOD

I % £ 4 / o,
s V- I/
e
\ z
\
o/
) L
L/ /T
A o
o
NIl
va
oe
i 00+ =%
OUW % £7 ¢ 40 62
Ao, 4aGuaop Yooz |

5
troypis)5228

bap
‘st sopons 7

dn

q/
Sasqt yolfs 20/148G

/od



'PINUTIUOY -*zz aandrd

‘udm 00f = °4 ‘spnatiTe ol (q)

L6E20

MR No.

P ioonay oI spuosas s/
% £ z / o S + £ z / 7
| ’ NTY
O \ =TT
4 4
v
o/ Y
- A
= ci/ﬁ —e = ?\ // o
4 74
o o o
X i
ot
| 4£00[G= dy 14 000G =9
OV % EPES p0 6 ODVPWALELEZ p0 62
wo 1dkunp ‘Yokispoe s AAO todDp ‘Ydw goE |

b
woybsz/232¢

7/ apn bsp
o0y YOS PIMLIS buo 4y oA27

V=4



L6E20

MR No,

“psnuiluocy -°gg 2In3td

‘udu 00g = °a ‘apnatate udtH (o)

SpLrooos ‘et
0

o

SILNYNOUIV ¥0J FILLINWOD
AYOSIAGY TYNOILVYN

7%

o

——t ]

oz

D ¥ JOES fO O

|

wo 3oy b oo

1400592 =9y

1?'

I

2 i £ z / o
—4 QV
N T

Q¢

Z g

RS

N

” X
53

P /N Q3

- N4 J N
]

Q

/s

o

o

g

R,

N

. %
Sy

N\
LS
Y

* 3

i 0092 =9y o8

DBV % /0€S 4260 N

A0 SachepD ¢ ydus ooz o€

T




L6E20

MR No.

“papuIoun) --zz sindty
‘udu 00f = %4 ‘spn3rate yIFH (p)

SpUOI3S ‘DUl

¢ £ z / 0 c 7 £z / 0

2 >
o 2N
B A\WINANA
N VRN, / @y

z Z

\ |/ 7 LN 3
\ 2
+
SHINVYNOYIY %04 FILLINKOD
AHOSIAQY TYNOILYN
o o

. M
7 Ry
\///\\/ 0 \ \/ \, / / 0 w/mr
VERVERLV < f / <S¢
7 3
o o/ A3t
0 0 "
o / N0
U
# 002'02= 1/ - N
DEW KR /0€Z fO 6D 4400002 =9y N
wo \WQ\EQ\Q «QQE%M: 774 I Y, \Q.M;N\\% B >4 WUJ
_ L[] A4 L3 “ Yy OoE Y




LeE20

MR No.

199~ T013U0D

SIILAVNOEIV 304 JILLINKWOD
AYOSIAQY TVYNOILWYN

*Y 90TJTIO Y374 20TABDP
*BapnaTaTe MOT e Jy3Temqoq ANOYLTA $90T18TIs90eIeyo dn-Tnd 88BaT8I-¥OT9S -°¢2 2Ind1g

Spuodas ‘aun |

‘Bap ‘Pbwv 10)vra737

4 / 0 ¢ c / 0 » £ 4 / 0 £ 2 / 0

] QW

ot §

T B

\\\l $ 1\\\\j\\\ \\L\\\\\ &

A J A

1 <
0F M ol

~ M ]

g 5% 3
3 mww -
L7 0 W.MW 0 mw

T e e N e
23 1] s
m L] 7’ l.”\lv.

0/ ol
:m

ol ol

K eU..M : .c-.
_ 1} 007/= o0k %% T 00ge =] T Hoost="7 |”%
DWW L EY £ S OO OFWLCL EE f2 62| ] DWW L L €T SO O2 DEWYCL E2AD B §
vo _:ms_% “yaw 0og] $§0 4odurep “ydu gog™| & vo ﬂ&s% ‘ydw ggz 440 \&sﬂn qﬁsgmLW.w



L6E20

MR No.

'Y 20TJTJ40 YjTm 30TAJP [83F~[0I2U0D

SHLNYNONIY ¥0J IILLINKOD
AYOSIAQY TYNOILYN

/ 0¢

Z /

SpUOIIS U2/

S
i)

6 uarpesspa0y

N

R

Asody) woiy'

<

‘bop ‘apbup s0yerd)7

dn s

*

R

J

14 00/F=Y
DWW LI FE fo 62

|| |

0

yo ndure Yaw gge

000G =%y

LWL P AD 62
$0 #durep ‘yolus gog |

]

7S

'9)9040/ Y2125 #31449¢

£

"8apni14Te #07
18 ma1s4As TOIJUOD I03BASTS® UT juTtomqoq punod / ¢ yaTm SO011STI310BIBYD dn-TInd

9SBITaI-HOTIS -'fg 9In3iy

¢ l

~
<

Y
b ‘vo)pei3)230y

o

T
SIXD 2Sn4lyy diOsyT

65 ‘a76uv 10)v43) 3

«

[

\

ol

dn

3

00/L,=%Y

4 ,
U.\\.\N\&\\.MN L0 £

w0 43dwep ‘ydw PP ]

L]

17 0065 =

bV 411/ PSHO

||

2

£f0 axdurep “yYdw ppp ]

L

o <

‘§/22464 ¥INs 334G




L6E20

MR No.

°g 90TJTIC y3Ta 80Tasp I89J-TOIQUCD

SHLAYHOWIVY ¥04 I3LLINKOD

*suoigisod A3faeid-jo-I93Ud0 pIEmIval JIOI S9PNITITB MO
18 wa9848 TOIIUOO Iojeaala Uy qyB3tomqoq pumod /°¢ ysTa so13lsrIasoereyo dn-tind 8seasI-A0OT4S -Gz aandrg

>a0m_>e.- TYNOILYN SpLuwods W&ﬁ\\ .W
9 - rd o9 > z o 9 # Z o 9 + 7 o 9
] . ° %
8 N
13 . = ¢
/'S Q

9
A\
N ¥
i oy - 3
] S
. § R
/] VA He 3
3 S
\ N
m. 8 N
! Z " ”
N $0

o

N

Q o)
| 3 _ | v
A 00 - Y H. LAOOSE + \ 4AO08 P =Y YA OOCE Y N
el et =
DI %E2E/L B0 | [OPIWAEI T 40 60 INY | OEWLESIE 40 B2 oywAEo P e 67
Uo SO 440 ooy nﬂw o SPOWDT AAO .\%Q\&\EQ_! 8
| | | Jetwooe| | | | R 1] yrogon | || IR



L6EZ20

MR No.

‘g 801JTI0

Y3ta 50Ta3p T83J-ToIjuo) -*suor3ilsod 43TABI8~JO-I33uUa0 pIBMIOI Ioj Sapniiate ydty q® wajsde TOILUOD
I03BA3TI UL UOTHOTIF SNOOSTA pue 3431amqoq punod /°¢ 431k S013STIajomieyo dn-1Ind sS®aTax~X013S ~*9g 2an31d

SIILNYNOWIY 303 J3LLINWOD
AYOSIAGY TYNOILYN

i £ z /

SpUCIBS DL/l

w\

o/

14 00861 =Y
VWU LL EE O BO

wo 4aduipp ‘yds CpL ]

I

£ =4 / o)
1° 1
\ A N .\/ 5m
Kﬂ/ N/ \.w N
Vi VI Y _ 3
o/

Q
&
bap
S6up Aqpots/7

N\

Q
ysnd

OVWL LY EE 4O 6D

i

Ao 420wwp  ydy oog

14 ook 6l =%y

L]

Q
q/
BAIOS HOIS BAHAMSS




L6E20

MR No.

=Tox3ucy

*suot3T80d £37A813 Jo Jejued plumrol ‘3ydtemqoq qnoyqim

*Y 00TJTJO U3Ta 00TAGD TOOJ

*epn3aTe 366J 000G 39 8038

snotdes 3w sdnefynd peTTOLIUOS UT WOT3BIS[EO0¥ UNUITXUN 03 0040J XOT98 WIETX®N JO OT4® ~°42 oIndyy

SILLNVYNOYIY ¥03 IILLINWOD

AUOSIAGY TYNOILVYN

42

g7 re 724 7/

44

228 oannawowl /Of DLy

g

4

l. JJ_’//

H 000G~
IYIN L ZEX 60

P3USPISUOD Dup|dAID 4BIYbIS

qdo0T=7 ‘AuoLo04S1)0S

wo
£49

wo
/9
20U OO

YA 00D — — — — QI
YT PO T e — Iy,
G/ 007 e —— —— — 627
y e 002 0-———————— Ge'ed

IViN ¥ Uoryisod OO

o

o

ZANIN
< N

o¢

os

a9



L6E20

MR No.

*guosysod £37awa3 Jo Jejueo plemioy ‘aydyemqoq punod L°¢ YITM

*Y 60TJTI0 [3TA 90TAGP [00J=T0J3T0D

*epn3IaTe 3007 000°Q 3% sewl

SNOTIvA 1% Sdne{Tnd POTTOIIUOD UT WOTFEIOTHO0W WINTIYWU 03 00J0] YOT38 WNKTXWX JO OTJWH =°gZ OINIfd

SOILNYNONIV ¥04 FILLINWOD
AYOSIAGY TYNOLLVYN

028 ‘WPNANRILDLs SO DeLs//

43 g £z oz 9/ o/ g v _QQ
- N D = e
= 3] lv/j : 10/
) A
//
IR Y175k
/ //nfm 0
AN S
T 000G = 4] 7 \ 0F o
YW LI 6O B ¢
AT 00T =/ “Au0)o04 51108
pauspisuor suojdiio J34ybiy /ﬁ o
]
os

UO L0 DP -4’ OO b —— — — — [eRP
440 L2IUOP -yl DOE Fm — — — — — G
UO L2 UVOP -G P02 O — — — . _ 1,°SY
AAO A2OUTO - (yT s 90T O-—— —— — —Q'CY
VW % Is




L6E20

MR No.

*g QOTJTIO YJTA 00TAOD T06J=T0I3u0)
esuotatsod A374m1S Jo Jejueo paemrved ‘juftemqoq pumod Lo YITM *epnayarTe 388F 000°G 3¢ sejel
gnotIes 38 sdneTTnd POTTOLUCO UT WOTWLETO00¥ WINNTXWEN 0F 600F FOTHS UNUIXwm Jo 03w -°67 eandyd

SI1LNVYNOYIV ¥04 FILLINKOD
AUOSIAGY TYNOLLVYN

238 ‘LAI2ANNDLDLLr SOL DL/

e gz  Fz 07 97 2/ g o
- - o ;P..I/ILlﬂan"n{ ; E@@
#/// /Iﬂ/n g
Su . 74
1 \%
. | m S
\ M )
N
/ \ &
d N o€
i 000G =90 \ \ M
TN % 2E€ =62 \
AW 00T =24 ¢ Auo 91451408 ~ w
pauspisuod sup|duio udybi4 op
\
\
GO SBNUIOL GO OPp pm—————— |2 M
AAO SO UDLO YO g V———— — — c2e !
O LSRVBLO I g7 O—— —— — — siae \
SO S2QUOLO GO PYT O — —— e — ~ gd2¢ |
YN L fuolticod &0 H



L6E20

MR No.

*guotyysod A31a8xd Jo xequed premrsvex ‘qu3temqoq punod ¢ UITM

*g 90TJTIO Y3TH 00TAGD [90J-TOIJUCD

*epn3I3Te 386F (000922 3% 863%8d

gnotava 39 sdneTrnd PeTTOJFUOO UT UOTABISTO00¥ WNWTXHW 0F 60I0J 0T3S UNMULXEH JO O3 =*0f eIndgy

SILLAYNOYIY ¥04 FILLINWOD
AHOSIAGY TYNOILVYN

D228 ‘/INNILOUs LOf Dy

cE 87 44 oz 9/ 7 g 4 QQ
e i nMLff/
- 1 N ] 4
—— " R
T~ or :
. NEEYS
N / V, ol
o2 X
\ NS
/ § y
750005 = ) o
N %IER BD
:Q_E 007 =\ * huo 204511108
pa4spisuod aupjduld u3ybi4 j
|
O s20LBH OO Dm— — — — — 6l __
MO LBTULOL GO POf V- —— —— — 6l
WO 42CUOO s PPF O — — — —— — — oJs ,
IO SBUrOp (YOl PPF O ———— — —— — o2 | /

OYW % ‘uolfisod b




